This study stemmed from consumer complaints about earthy and musty off-flavours in treated water of Rawal Lake Filtration Plant. In recent years, several novel adsorbents have been developed from nanomaterials for enhancing the contaminant removal efficiency. This paper presents preparation and the use of new adsorbents Pt doped titania and Fe doped titania, for the adsorption capacity of Geosmin and 2-MIB from water under laboratory conditions and their comparison, with most widely used activated carbon, under batch and column experiments. Stock solutions were prepared by using Geosmin and 2-MIB standards, procured by Sigma Aldrich (England). Samples were analysed using SPME-GC-FID. The adsorption of Geosmin and 2-MIB on GAC conformed to the Freundlich isotherm, while that of adsorption on metal doped titania fit equally well to both Langmuir and Freundlich isotherms. Moreover, data, generated for the kinetic isotherm, confirmed that Geosmin and 2-MIB removal is a function of contact time. Breakthrough column tests using 125 mg/L Pt doped titania nanoparticles, coated on glass beads against 700 ng/L of offflavours, attained later breakthrough and exhaustion points and removed 98% of Geosmin and 97% of 2-MIB at room temperature. All columns could be regenerated using 50 mL 0.1 molar sodium hydroxide.
Introduction
Supply of safe and aesthetically pleasing water, for human consumption, is essential for all treatment facilities. A common and recurrent problem in drinking water is the formation of earthy-musty taste and odor [1] . Taste and odor episodes in drinking water are the cause for most consumer complaints [2] . There is growing concern about off-flavour in Rawal Lake Filtration Plant, which intensifies in summer months [3] [4] [5] . Sensory analysis detected earthy and musty off-flavours in raw, as well as in treated supplies from this facility. This study focused on Geosmin (C 12 H 22 O) and 2-MIB (C 11 H 20 O) as surrogate for earthy and musty offflavours. Earthy and musty off-flavours are produced as secondary metabolite by two groups of aquatic microorganism: (i) anabaena for Geosmin and (ii) Phormidium spp. for 2-MIB [6] . Both compounds are semivolatile, saturated tertiary alcohols that can be detected at extremely low concentrations of 6-20 ng/L [7] . The main problem with the presence of Geosmin/2-MIB is that conventional water treatment processes including coagulation, flocculation, and filtration are inadequate for their removal [8] . Oxidants including KMnO 4 , ozonation, and UV/H 2 O 2 have been tested for removal of odorous compounds [9, 10] but due to the complex tertiary structures of Geosmin and 2-MIB, these are resistant toward oxidation and most aquatic oxidants [11] . Activated carbon in combination with sand media in filtration plants is considered as one of the best available practice for the removal of off-flavours from water, but at relatively higher amount of pollutant levels, its adsorption efficiency drops [12] [13] [14] . Literature review reveals that nanoparticles have some advantages in using adsorption processes to solve many environmental issues due to their unique surface and structural properties [15] . A number of studies have been reported on photo catalysis of Geosmin and 2-MIB [16] ; however, to the best of our knowledge no previous study has been reported on adsorption of Geosmin and 2-MIB using 2 Journal of Nanomaterials [17, 18] , this study aimed at comparing activated carbon, Fe-TiO 2 , and Pt-TiO 2 nanoparticles for Geosmin/2-MIB removal, using breakthrough column studies, from synthetic and Rawal Lake Filtration Plant (RLFP), Pakistan, treated water samples.
Materials and Methods

Material Systems.
The GC standard of Geosmin and 2-MIB were purchased from Sigma-Aldrich (Germany) at a concentration of 2 mg/L and 10 mg/L in methanol, respectively. Stock solutions were prepared in 10 mL methanol. General purpose reagent titanium (IV) oxide (Riedel-De Haen) was used as a source of titania nanoparticles; ferrous chloride and platinum chloride were purchased from Merck, Germany. Other chemicals including GC grade methanol, dichloromethane (DCM), and wood based granular and powdered activated carbon (Norit C1A) were procured from Acros, Organics, USA.
Experimentation
3.1. Synthesis of Nanoparticles. Liquid impregnation method was used to prepare metal doped titania nanoparticles [19] as described in Table 1 .
Scanning Electron Microscopy of Adsorbents. SEM images
were measured using JEOL JSM 6460 scanning electron microscope. Microscope operated at an acceleration voltage of 5, 10, and 15 kV and filament current of 60 mA. SEM was performed to find the surface morphology, topography, microstructure, and composition of adsorbents. The porous texture characterization of the samples was obtained by physical adsorption of gases. From N 2 adsorption data at −196 ∘ C (Autosorb-6B apparatus from Quantachrome [20] ) the specific BET surface area ( BET ) was determined by applying the Brunauer-Emmett-Teller (BET) equation.
Analytical Method.
Geosmin and 2-MIB were analysed using solid phase microextraction coupled with gas chromatograph-flame ionized detector (SPME-GC-FID). One gram of sodium chloride was placed in a 15 mL vial containing 3 mL of the aqueous sample. The vial was sealed with Teflon-lined septum. The samples were heated to 65 ∘ C, and the SPME fiber (divinylbenzene-carboxenpolydimethylsiloxane SPME fiber) was inserted into heads space for 15 min equilibrium adsorption period. The fiber was then withdrawn from the sample and injected into the injection port of Shimadzu 2010 series Gas Chromatograph coupled with FID. The column used was fused silica capillary column with a length of 30 m, inner diameter of 0.32 mm, and wall thickness of 0.5 m. The column temperature was set at 60 ∘ C for 1 min and then raised to 160 ∘ C @ 15 ∘ C/min, held at 160 ∘ C for 1 min, then raised to 200 ∘ C @ 10 ∘ C/min, again held at 200 ∘ C for 1 min, and finally temperature was raised to 260 ∘ C and held constant for 1 min. Total program time was 16.67 min. Detector temperature was 280 ∘ C while injector was set at 300 ∘ C. Split ratio was zero. Nitrogen was the makeup gas and Helium was used as carrier gas. Total flow rate was 6.6 mL/min. The extracts were stable and could be stored for up to two months with no apparent loss of analytes and concentrations as low as 1 ng/L could be detected.
Synthetic Solutions Preparation.
Geosmin and 2-MIB solutions used in this study were prepared in the laboratory by dissolving stock solutions in ultrapure water. This study was aimed at testing adsorbents for their ability to adsorb earthymusty odorants for the concentrations which are present in lake water. For this reason, sampling was performed from Rawal Lake Filtration Plant (RLFP) in the month of July, when taste and odor episode in treated water was at their maximum levels. RLFP draws raw water from Rawal Lake, Pakistan. Its treatment processes include coagulation, flocculation, sedimentation, sand filtration, and disinfection, which were inadequate to remove taste and odor from water. Average concentration of Geosmin and 2-MIB in treated water samples was 690 ng/L and 678 ng/L, respectively; hence, synthetic solution with 700 ng/L of odorants was prepared for batch adsorption and column adsorption experiments. All reactors were wrapped with aluminium foil during nanoparticle experiments, to restrict photo catalytic activity and to ensure adsorption as the only mechanism of odorant removal. best stirring rate (between 25 and 200 rpm), with optimised adsorbent doses and contact time.
Removal Efficiency Calculation.
To determine the removal efficiency of selected adsorbents, 100 mL of test solution with initial off-flavours concentration of 700 ng/L was taken in 250 mL conical flask at room temperature. 125 mg of the adsorbents (GAC, Fe, and Pt doped nanoparticles) were added in each test solution and stirred at orbital shaker at 100 rpm for one hour. All the samples were stored in dark brown vials, till final concentration analysis. Samples were subjected to filtration through prewashed 0.45 m filters, to remove any solid adsorbents residue, prior to the gas chromatographic analysis.
Amount of Geosmin and 2-MIB adsorbed (ng/g) was calculated using [21] 
where is the initial analyte concentration, is the residual equilibrium analyte concentrations (ng/L), is the volume of the solution (mL), and is the mass of adsorbent (mg) used in test solution.
Adsorption Isotherm Studies.
For adsorption studies, 100 mL of the initial test solution of odorant concentrations, varying between 200 and 1200 ng/L, was taken in 1000 mL volumetric flasks and experiments were performed with all optimized conditions. 125 mg metal doped nanoparticles and 160 mg GAC were added to the test solutions and then placed on an orbital shaker at 100 rpm for 60 minutes and final concentrations were determined, in all removal experiments.
Kinetic Studies.
Several models are available to express the mechanism of adsorption of solute onto the adsorbent. For kinetic studies, 500 mg of adsorbent doses was introduced into 1000 mL solutions with initial analytes concentration of 700 ng/L and placed at an orbital shaker at a rotation speed of 100 rpm. Samples were taken at predetermined intervals up to 120 min. The kinetic analysis was carried out at room temperature (25 ± 1 ∘ C).
Pilot Scale Column Experiments.
These experiments were designed to investigate efficiency of granular activated carbon and metal doped titania nanoparticles in fixed bed columns. Column design was based on study by Tang et al. [19] . Pilot setup consisted of three glass columns each having internal diameter 1.5 cm and empty bed contact time was 10.5 min. Media depth for all columns was 12 cm. Column one is comprised of granular activated carbon having 0.56 mm mean particle size. Other two columns were filled by glass beads coated with Fe and Pt doped titania nanoparticles. Each column had glass wool at their base, as the supporting media. Flowrate through these columns was controlled using a peristaltic pump attached to the three-way manifold. 700 ng/L Geosmin and 2-MIB solutions were passed through these columns at 2 mL/min. Figure 1 shows schematic of the pilot column setup.
Glass Beads Etching and
Coating. Nanoparticles coated glass beads were used in filter columns. Sterilized glass beads were dipped in 10% hydrogen fluoride solution and covered for 24 hours. Next, glass beads were stirred with metal doped titania nanoparticles aqueous solution, at 250 rpm for half an hour. After oven drying at 110 ∘ C for 20 min these coated beads were shifted to furnace at 400 ∘ C. Finally these were washed with distilled water, dried, and stored in dark.
Breakthrough Curves.
Removal efficiency of the adsorption columns was represented by "break through curves" drawn from results, which showed that the concentration ratios ( / ) were a function of throughput volumes. Keeping in view the very low concentration of the pollutants, the breakthrough time and exhaustion time were set as / = 0.02 and / = 0.95, respectively. Samples for residual Geosmin and 2-MIB analysis were drawn after 10 bed volumes.
Column Desorption Study.
In this study, after exhaustion of column, desorption study was carried out by pouring 50 mL of 0.1 M NaOH solution as an eluent, which was known to be efficient for column recovery [22] . Moreover, the adsorbent column was washed with distilled water before the next adsorption-desorption cycles. The adsorption-desorption cycles were repeated trice using the optimized condition to check the sustainability of the column for repeated use.
Geosmin and 2-MIB Removal from Rawal Lake Filtration
Plant Water. Adsorption capacity of the abovementioned adsorbents was tested to remove Geosmin and 2-MIB from natural water samples collected from Rawal filtration plant in batch and column experiments under optimized adsorption conditions.
Results and Discussion
Characterisation of Adsorbents.
For the direct examination of particle size and surface morphology of the samples SEM was used. All the particles were spheroid or oblate spheroid loosed and macrospores can be clearly seen in the SEM micrographs. Scans of nanoparticles at ×30,000 resolution are represented in Figure 2 . The crystalline sizes of the adsorbents were in the range of 24 to 51 nm (activated carbon (43.5 nm), Fe-TiO 2 (38.5 nm), and Pt-TiO 2 (41.6 nm)). SEM images of Fe-TiO 2 and Pt-TiO 2 nanoparticles confirmed the presence of more porous, sponge-like structure of high roughness and complexity, as compared to activated carbon, Journal of Nanomaterials Figure 3 . The batch adsorption experiments were carried out by using various amounts adsorbent types.
Adsorption Conditions Optimization. Adsorption condition optimization results are demonstrated in
Similar removal trends were observed for both Geosmin and 2-MIB removal, with increasing adsorbent doses. It was observed that, even on increasing the amount of adsorbent doses in the solution, the percentage removal of Geosmin and 2-MIB increased gradually and % removal plateaued at 125 mg/L for metal doped nanoparticles while 160 mg/L was found to be optimized GAC dosage. Adsorption capacities of the three adsorbent types at different contact times, when all other variables are constant, were determined. The maximum adsorption capacity of Geosmin and 2-MIB was obtained within contact time of 60 min, with optimized adsorbents dosage for all adsorbents studied. After optimizing PAC dosage and contact time final experiments were performed to explore optimum mixing rate. Results illustrate that stirring rate had remarkable effects on rate of adsorption as with the increase in speed contact between adsorbent and adsorbate increases. Maximum adsorption of Geosmin and 2-MIB was observed at mixing rate of 100 rpm using optimized adsorbent dozes, within a contact time of 60 min.
Removal Efficiency of Adsorbents.
Removal efficiencies of the selected adsorbents are given in Table 2 . Results indicate that removal efficiencies of metal doped titania particles were much higher, as compared to Granular activated carbon. Overall, Pt doped titania nanoparticles showed the best removal efficiency towards Geosmin and 2-MIB.
Adsorption Isotherms.
Removal efficiencies of adsorbents were tested through isotherm studies. The linear form of the isotherm studies helped in better understanding of the adsorption phenomena. Freundlich and Langmuir equation explained adsorption of Geosmin and 2-MIB on different adsorbent concentrations, as discussed in the next sections.
Freundlich equation was used in this study as given below [23] Log = log + 1 log ,
where = equilibrium loading of Geosmin and 2-MIB on the GAC (ng/mg), = equilibrium concentration of Geosmin and 2-MIB in the water (ng/L), = adsorption capacity at unit concentration (ng/mg), 1/ = heterogeneity of adsorbent, and 1/ and were obtained from slope and intercept of linear plot between log and log .
From data stated in Table 3 , it is clear that the Freundlich model is statistically valid for all adsorbents analyzed. To compare different adsorbents, usually the absorbent with the higher amount of adsorbate adsorbed, at the desired effluent concentration, is preferred for the particular application. A number of carbon physical and chemical properties affect adsorption toward a particular adsorbate. For Geosmin and 2-MIB, the hydrophobic compounds, the amount of surface area associated with the adsorbate is critically important. The Freundlich constants ( and ) given in Table 3 for each adsorbent and the resulting curves are shown in Figure 4 Mathematical form of Langmuir isotherm is given below
where = equilibrium loading of Geosmin and 2-MIB on the GAC (ng/mg), = equilibrium concentration in the water (ng/L), and = maximum adsorption capacity (ng/mg). Values of and were obtained directly from intercept and slope of linear plot between / and . Langmuir constants are described in Table 4 .
Langmuir isotherms curves for Geosmin and 2-MIB are shown in Figure 5 . Values for adsorption coefficient and monolayer capacity are higher for Pt doped 8
Journal of Nanomaterials The shape of the isotherm can be used to examine the favourability of the adsorbent. It was done by another dimensionless quantity, , given by the following equation:
where is the dimensionless separation factor, is the initial Geosmin and 2-MIB concentrations, and is the Langmuir constant.
values ranged between 0.69 and 0.57 for Geosmin and 0.71-0.56 for 2-MIB. It showed favourable isotherms for both off-flavours. Values for both isotherm constants are higher in case of Geosmin which clearly suggest preferred adsorption of Geosmin on all adsorbents, compared to 2-MIB. Cook at al., 2004, also reported that Geosmin showed better adsorption than 2-MIB on activated carbon and this was attributed to the lower molecular weight and higher solubility of Geosmin [25] .
Kinetic Isotherms .
A pseudo-second-order model (5) was used to describe the kinetics of adsorption [26] :
where is the adsorption capacity (mg/g) at any time interval, is the adsorption capacity (mg/g) at the equilibrium, and (g mg −1 min −1 ) is the pseudo-second-order rate constant.
Journal of Nanomaterials Integrating (5) with the following boundary conditions: = 0 to and = 0 to , gives
Equation (6) can be linearized as follows:
Thus, the parameters and can be obtained from the intercept and slope of the plot of ( / ) against .
The kinetic data obtained from batch adsorption tests was analyzed by using the pseudo-second-order model. Figure 6 shows the linearized plots of the results. The kinetics of Geosmin and 2-MIB adsorption were studied in batch adsorption tests, with three different adsorbents. Results clearly indicate that the removal efficiency is a function of contact time; moreover, maximal and values were obtained with Pt doped nanoparticles. All pseudo-secondorder parameters are listed in Table 5 . The data demonstrate a good compliance with the pseudo-second-order equation, as the regression coefficients for the linear plots were higher than 0.98 for all the adsorbents tested.
Column Experiments Results
. Column efficiencies were determined in terms of breakthrough and column exhaustion times. At the beginning, removal through columns was very efficient as the adsorbents were fresh with all of their adsorption sites available. With the passage of time, some of the adsorption sites got exhausted and effluent concentrations started rising. After all the adsorption sites were exhausted, the inlet and the outlet concentrations became nearly the same. Column 1 having granular activated carbon was not found very effective either for Geosmin or 2-MIB. It attained early breakthrough and exhaustion points. Figure 7 illustrates breakthrough curves, breakthrough points, and exhaustion points for Geosmin and 2-MIB, respectively.
Overall comparison of adsorbents indicated that Ptdoped titania nanoparticles were most efficient for Geosmin and 2-MIB removal. Geosmin removal was a bit higher than 2-MIB in this case as well. 
4.7.
Column Desorption. For a viable sorption process, columns desorption and regeneration are important. The exhausted 12 cm bed volume columns (for all the three types of columns) were successfully regenerated using 0.1 M of NaOH solution. The results (Figure 8) show that, on average, the columns could be used again by losing only 8% of their adsorption ability in successive cycle.
Geosmin and 2-MIB Removal Using RLFP Treated Water.
The above-stated experiments were performed using synthetic solution of Geosmin and 2-MIB. Finally, experiments were conducted with the RLFP treated water samples. Average concentration of Geosmin and 2-MIB in composite water samples was 690 ng/L and 678 ng/L, respectively. Water quality data for water from RLFP is given in Table 6 .
A comparison of taste and odor removal efficiency using adsorption and Column tests is presented in Figure 9 . According to the results better removal was achieved with synthetic water as compared to the sample of treated water from RLFP. This difference can be attributed to organic matter and several interfering species in the treated water samples (Table 6 ). High removal efficiencies of 97-99% for Geosmin and 96-98% for 2-MIB from both synthetic and treated water samples confirm effectiveness of metal doped nanoparticles.
Conclusions
The present experimental results suggest that metal doped titania nanoparticles demonstrate significant adsorption potential for the accelerated removal for earthy-musty odor producing compounds in the drinking water. Study shows that metal doping increases BET surface area, thus enhancing efficiency of titania to adsorb Geosmin and 2-MIB. The concentrations examined in this study are typically the levels that cause odor problems in lake water. Whilst activated carbon is still useful for off-flavours removal, metal doped titania nanoparticles are far more effective. Fe-TiO 2 showed 95% and 93% Geosmin and 2-MIB removal. Pt-TiO 2 was found to be most efficient; it removed 98% of Geosmin and 97% of 2-MIB as compared to 82% and 73% Geosmin and 2-MIB removal by most widely used granular activated carbon. Smaller size, extremely large surface area (567 m 2 /g), and more active adsorption site make Pt-TiO 2 as superior adsorbent. Further work is also being undertaken to refine the process for implementation in commercial applications.
